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ABSTRACT
Sediment contamination may occur from various anthropogenic activities, such as mining-, agricultural- and industrial 
practices. Many of the contaminants arising from these activities enter the aquatic system and precipitate from the 
surrounding water, becoming bound to sediment particles. These bound contaminants may reach concentrations higher than 
in the overlying water.  Although water quality may be acceptable, an aquatic system may still be at risk if the contaminated 
sediment were to be disturbed through flooding, bioturbation or changes in the water chemistry. These contaminants may 
then desorb into the water column and prove detrimental to life forms in contact and dependent on that water source. 
Sediment quality monitoring has been a widespread international initiative and has led to the development of sediment 
toxicity assessment methods. This study focused on sediment bioassays, namely, Phytotoxkit, Ostracodtoxkit F and the 
Diptera bioassay, in assessing sediment quality of the Tweelopiespruit-Rietspruit-Bloubankspruit river system in Gauteng, 
South Africa. This river is known to have been impacted by acid mine drainage (AMD) since late August, 2002. Exposure 
of river sediment from 7 sampling sites to these bioassays provided an eco-toxicological estimation of the acute toxicity and 
chronic toxicity emanating from the contaminated sediments. Physico-chemical analyses revealed higher levels of sediment 
contamination closer to the mine. The bioassays displayed a similar trend with greater sensitivities to sediments closer to 
the mine and lower sensitivities to the less contaminated sites further downstream. AMD was therefore the main driver for 
sediment contamination. Whilst not all contaminants were bioavailable, statistical analysis showed that there were significant 
correlations between the elevated contaminant concentrations closer to the mine and bioassay responses.
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INTRODUCTION
Ecological disturbances in the natural environment are caused 
by various anthropogenic activities. Such activities include 
industrial processes, agricultural practices, mining, pharma-
ceuticals and urban run-off (Aguilar et al., 2004; Antunes et 
al., 2007; Miller and Spoolman, 2009). Contaminants emanat-
ing from these activities pollute water resources and result in 
deleterious impacts on aquatic ecosystems. These contaminants 
may remain in the water column, whilst a variable quantity 
may descend to the benthic layer. Over time, and depending 
on the physico-chemistry of the water source, accumulation 
of contaminants may occur in the water column and result in 
a greater concentration of contaminants in the sediment, to 
harmful levels.  Hence, sediment acts as a source and sink for 
various contaminants. 
The Tweelopiespruit-Rietspruit-Bloubankspruit (TRB) river 
system has been polluted by acid mine drainage (AMD) ema-
nating from the abandoned Harmony Gold Mine, upstream of 
Krugersdorp Game Reserve, along the Tweelopiespruit, since 
August 2002. Historically, the TRB river has been impacted by 
AMD water at an estimated rate of 36 mL/day. The outcome 
of such a substantial amount of acidic, metal-rich discharge 
resulted in the decline of benthic biodiversity, decimation of 
marginal and aquatic vegetation, and a rapid reduction in water 
quality, as well as negative impacts to other aquatic and terres-
trial life dependent on the river (Durand, 2012).
Gold has been mined from auriferous layers along the 
Witwatersrand Basin since its discovery in 1886 (Durand, 
2012). Acid mine drainage is produced from the biological and 
chemical reactions when pyrite is exposed to oxygen and water 
and may be intensified by extensive fragmentation of rocks dur-
ing excavation and milling of rocks. In the presence of water 
and atmospheric oxygen, oxidation and hydrolysis of pyrite 
(FeS2) produces sulphuric acid and a ferrichydrite precipitate 
(Eq. 1) (Durand, 2012; Blowes et al., 2014).
FeS2(s)+ (
15–4 ) O2 (aq)+ (
7–2)H2O (aq) → 2SO4
2– + Fe(OH)3 (s) + 4H
+ (aq)
(1)
The ferrichydrite precipitate forms a thick, impermeable 
layer covering the river sediment and is commonly called ‘yel-
low boy’ due to the yellow-orange appearance it gives to the 
river bed (Durand, 2012). AMD is characterised by a low pH, 
high concentrations of metals and other toxic elements, as well 
as a high specific conductivity (Akcil and Koldas, 2006).
Contaminated sediments can be defined as sediments 
with chemical substances, exceeding the threshold value that 
would pose a known or supposed threat to environmental and/
or human health (Power and Chapman, 1992). The major risk 
involving sediment contamination is the re-suspension of 
sediment-bound contaminants into the water column at concen-
trations much higher than permitted by water quality guidelines. 
This potential risk to aquatic ecosystems increases, depending on 
the physical, chemical and biological characteristics of the water 
source. An increase in the flow rate, changes in pH and water 
chemistry, are some factors that may induce desorption and 
re-suspension of contaminants, thereby increasing the bioavail-
ability (Burton, 1992). 
Power and Chapman (1992) summarised the interaction 
between contaminated toxic sediments and benthic organisms. 
The uptake of contaminants may occur across the body wall 
and accompanied by respiratory processes from the overlying 
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and pore water, and through ingestion of contaminated sedi-
ment particles. Accumulation in the organism and interac-
tion with the receptor site(s) within the organism may result 
in various biological effects. The uptake and biological effects 
expressed are both dependent on the bioavailability of the toxic 
contaminant(s). According to the National Research Council 
(NRC, 2003), chemical, physical and biological factors influenc-
ing the interactions between organisms and sediment-bound 
contaminants are termed bioavailability processes (Fig. 1). 
Process ‘E’ is the most ecotoxicologically significant, represent-
ing the fate of the contaminant(s) once inside the organism and 
initiation of expressed/measurable toxic effects (NRC, 2003).
Effective sediment toxicity monitoring utilises both phys-
ico-chemical and bioassays to predict probable effects of spe-
cific contaminants on the environment, humans and ecological 
receptors (NRC, 2003; Blaise and Ferard, 2005). Numerous 
ecotoxicological studies have been conducted to develop a vari-
ety of physico-chemical and bioassay methods. 
The Phytotoxkit is a 3-day acute sediment toxicity bioas-
say developed by MicroBioTests and involves the exposure 
of 1 monocotyledon species, Sorghum saccharatum, and 2 
dicotyledon species, Lepidium sativum and Sinapis alba, to 
either contaminated sediments, soils, solid phase wastes, 
chemicals or biocides. Endpoints include seed germination 
inhibition, root length inhibition and shoot length inhibition 
(MicroBioTests Inc., 2004). The decimation of primary pro-
ducers may negatively impact the entire aquatic ecosystem; 
hence assessing the impact on this trophic level is imperative 
(Antunes et al., 2007). This bioassay has been previously used 
to assess the toxicity of petroleum hydrocarbons (Van der 
Vliet et al., 2012), sewage sludge compost (Oleszczuk, 2008), 
eutrophic freshwater, Cr(VI) with cyclodextrin, boric acid 
(Czerniawska-Kusza, 2011) and sediments contaminated with 
heavy metals, polycyclic aromatic hydrocarbons, and organic 
and inorganic contaminants (Czerniawska-Kusza et al., 2006). 
The Ostracodtoxkit F is a 6-day direct contact sediment 
toxicity bioassay also developed by MicroBioTests. In this 
bioassay, the freshwater ostracod Heterocypris incongruens is 
exposed to contaminated sediment and/or water. Endpoints 
include mortality and growth inhibition. Ostracods form an 
important component of aquatic meiofauna, therefore their 
sensitivity and survival necessitates the use of this bioassay, 
which has been used to assess the toxicity of chemicals, wastes, 
sewage sludge compost, sediments, inorganic and organic 
pollutants (MicroBioTests Inc., 2001; Oleszczuk, 2008). The 
sensitivity of H. incongruens has been found to be similar to 
Hyalella azteca and Chironomus riparius (MicroBioTests Inc., 
2001; Belgis et al., 2003). 
The Diptera bioassay is generally conducted over 10 days 
and involves the exposure of either Chironomus riparius or 
Chironomus tentans to sediment and/or soil (USEPA, 1994; 
Bedard and Ali, 1996). In the current study, a South African 
Chironomidae species, Chironomus caffrarius, was used (Cloete 
and Shaddock, 2012). This bioassay is a whole sediment direct 
contact toxicity test which has been used to evaluate the tox-
icity of sediment polluted with metals, AMD, oils, grease, 
inorganic and organic compounds, and polycyclic aromatic 
hydrocarbons (Bedard and Ali, 1996; Adendorff, 1997; Pery et 
al., 2005). Endpoints include mortality and growth inhibition 
(Bedard and Ali, 1996; Environment Canada, 1997). 
For the purposes of this study, the Phytotoxkit, 
Ostracodtoxkit F and Diptera bioassay, accompanied by 
physico-chemical analyses, were used to assess the toxicity of 
sediment along the TRB river.
MATERIALS AND METHODS
Study area and sampling
The study area is situated in the West Rand of Gauteng 
and 7 sampling sites were selected during July 2013 along 
the TRB river (Fig. 2). The TRB river flows north along the 
Tweelopiespruit, from the locus of decant (LoD) in the vicinity 
of Harmony Gold Mine, passes through the Krugersdorp Game 
Reserve and, after its confluence with the Rietspruit (from 
the West), becomes the Bloubankspruit. The latter then flows 
eastward, passing through the Cradle of Humankind World 
Heritage Site (COHWHS), feeding the Crocodile River which 
then empties into Hartbeespoort Dam. 
Sampling Sites 1 to 4 were identified in the Tweelopiespruit. 
Sites 5 and 6 were identified in the Bloubankspruit (Fig. 2). 
Municipal wastewater enters the Bloubankspruit upstream of 
Site 5 whilst Site 6 is the furthest downstream from the LoD at 
the mine (Fig. 2). Site 7, the reference site, was selected along the 
Honingklipspruit, which enters the Bloubankspruit upstream 
of Site 6 (Fig. 2).
Figure 1
Bioavailability processes influencing contaminant transfer, transport and uptake (adapted from NRC, 2003)
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Sediment samples were collected using an Ekman-type 
grab sampler for the sampling of the top 2 cm of the sediment 
layer (recent deposition) (USEPA, 2001). Sampling containers 
were filled with sediment and thereafter filled to the brim with 
overlying water from the site. All samples were transported in 
a portable ice chest and stored at the laboratory at −20 until 
further analysis.
Physico-chemical analyses
Sediment samples were analysed for total organic carbon 
(TOC), moisture content, particle size distribution, and total 
element concentrations. Standard operating procedures (SOP) 
were followed when performing these analyses. Sediment from 
each study site was homogenised prior to analysis. TOC was 
analysed following the loss-on-ignition method in a Labcon 
Muffle Furnace (ASTM, 2000). The moisture content was 
calculated by measuring the difference between wet weight 
and dry weight of the sediment samples (Yee et al., 1992). The 
samples were weighed on an analytical balance before and 
after oven-drying and being placed in a desiccator. Particle size 
distribution was determined using a shaker and mesh sizes of 
4 000 µm, 2 000 µm, 500 µm, 212 µm, 53 µm, as well as a collec-
tor tray to collect sediment less than 53 µm (Cyrus et al., 2000). 
Aqua regia digestion of the sediment samples (Chen and Ma, 
2001) preceded inductively coupled plasma-optical emission 
Figure 2
The study area and sediment sampling localities along the TRB river system
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spectroscopy (ICP-OES) analysis performed using a Perkin 
Elmer Optima 2100DV. This analysis focused on 34 elements 
in the sediment following the methodology stipulated in ISO 
11885: 1996 (ISO, 1996). Quality assurance was maintained 
by the ICP instrument passing the scheduled quality control 
tests with a multi-element aqueous CRM (certified reference 
material). 
Phytotoxkit bioassay
The Phytotoxkit exposures were carried out following the SOP 
published by MicroBioTests Inc. (MicroBioTests Inc., 2004). 
Sediment samples were prepared for the exposures by homog-
enising, air drying (oven drying at 60°C, where required), 
and then sieving through a 2 mm sieve to remove debris and 
organic material. The water-holding capacity of each sample 
was calculated to determine the volume of reverse osmosis 
water needed for complete saturation. The test and control 
exposures were performed in duplicate; hence a total of 20 
seeds per plant species were exposed. According to the SOP, 
90 cm3 of the sediment was placed and levelled in the test plate, 
followed by the addition of the calculated amount of reverse 
osmosis water, filter paper, and then seed placement. These test 
plates were then incubated for 3 days at 25 ± 2°C, in darkness. 
After the incubation period, test plates were scanned using a 
flat-bed scanner and stored electronically for data analysis. 
Root length measurements were determined using ImageJ 
(ver. 1.460) software. To test the validity of the bioassay the 
controls for each plant species had to have a mean seed germi-
nation of ≥ 70% and a minimum mean root length of ≥ 30 mm 
(MicroBioTests Inc., 2004). 
Ostracodtoxkit F bioassay
The Ostracodtoxkit F exposures were carried out following 
the SOP published by MicroBioTests Inc. (MicroBioTests Inc., 
2001). Sediment samples were prepared for toxicity testing 
as described for the Phytotoxkit bioassay. The following were 
added into each multi-well plate: two 500 µL measures of test 
sediment, 2 mL standard freshwater, 2 mL algal food suspen-
sion and 10 ostracods. The test and control exposures were per-
formed in duplicate, exposing 20 test organisms to each sedi-
ment sample. These multi-well test plates were then incubated 
for 6 days at 25 ± 2°C, in darkness. After the incubation period, 
surviving ostracods were recovered, fixed using Lugol solu-
tion and then image captured using a digital light microscope. 
Length measurements were determined using ImageJ (ver. 
1.460) software. To test the validity of the test, the controls had 
to present a mean percentage mortality of ≤ 20 % and a mean 
ostracod length that increased by a factor of 1.5 (MicroBioTests 
Inc., 2001).
Diptera bioassay
The bioassay methodology was adapted from available interna-
tional methodologies (Bedard and Ali, 1996; U.S. EPA, 2000; 
Antunes et al., 2007; Cloete and Shaddock, 2012; Shaddock, 
2013). Test organisms were collected from a breeding monocul-
ture from the Golder Associates Research Laboratory. Sediment 
samples were prepared for toxicity testing as described for the 
Phytotoxkit bioassay. Prior to starting the test, test vessels were 
filled with test sediment and reverse osmosis water (1:4) and 
left to stand overnight to reach equilibrium. Using a Pasteur 
pipette, 10 larvae (10–12 days old) were carefully placed into 
each test vessel. The 10-day exposure was done in an environ-
mental room with controlled conditions (21 ± 2°C and 16 h: 8 h 
light-dark cycle). The bioassay was performed in duplicate, 
exposing 20 test organisms to each sediment sample. After the 
10-day test duration, percentage mortality was determined 
using the surviving chironomids. 
Data analysis and hazard classification system
Data obtained from the analytical and toxicity tests were ana-
lysed using specially formulated Microsoft Excel worksheets. 
TOC was calculated using Eq. 2. 
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Moisture content of the sediment was calculated using Eq. 3.
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The formula used to determine seed germination inhibi-
tion (GI) and root length inhibition (RI) observed with the 
Phytotoxkit is presented in Eq. 4.
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where A = mean seed germination or root length in the control 
reference sediment
and B = mean seed germination or root length in the test 
sediment 
Percentage mortality and percentage growth inhibition 
observed from the Ostracodtoxkit F exposures were deter-
mined using Eqs 5 and 6, respectively.
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Where A = total number of surviving ostracods.
(6)
Percentage mortality observed from the Diptera bioassay was 
determined using Eq. 7.
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Where, n = number of dead organisms
The hazard classification system (Table 1) developed by 
Persoone et al. (2003) was used to classify toxicity of sediment 
along the TRB river based on response data from sediment 
bioassays. Equation 8 was used to determine the class weight 
score percentage.
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Sediment quality guidelines
The Canadian Freshwater Sediment Quality Guidelines 
(CCME, 2002) include the Threshold Effect Level (TEL) and the 
Probable Effect Level (PEL). The TEL is the concentration below 
which no effect may be observed whilst concentrations above 
the PEL may result in adverse biological effects. The second 
guideline was developed by, and explained by ANZECC and 
ARMCANZ (2000), and includes the Severe Effect Level (SEL). 
Concentrations above the SEL have the potential to eradicate 
the majority of benthic organisms. The Upper Crust Average 
(UC) was also used for comparison, as it represents the natu-
rally occurring average composition of elements in the upper 
continental crust. These sediment guideline limits are pre-
sented in Table 2 and only include the values for the elements 
addressed in this study.
Statistical analysis
Multivariate statistical analysis was incorporated to get a holis-
tic understanding of the toxicity of the seven sites. An uncon-
strained principle component analysis (PCA), using Canoco v5 
(Ter Braak and Smilauer, 2012), was selected to represent the 
data. All data included in the analysis were log transformed to 
ensure homogeneity. The PCA with supplementary variables 
analysed the correlations between the sites, bioassay responses 
and physico-chemical variables of the sediment.
RESULTS AND DISCUSSION
Historic pollution of the TRB river system has severely 
impacted the biotic and abiotic components of the environ-
ment. Previous studies of the river system by Hobbs and 
Cobbing (2007), Beringer et al. (2012) and Durand (2012) 
confirmed pollution as a result of AMD. These studies focused 
mainly on water quality and biomonitoring. The current study 
aimed to assess the potential impacts of the polluted sediment.
Particle size of sediments is known to inf luence toxicity. 
There is an increased probability of sorption and desorption 
of contaminants to fine sediments, due to a larger surface 
area (Power and Chapman, 1992, Apitz et al., 2002, Owens 
et al., 2005). The particle size distribution of sediment from 
each site is graphically presented in Fig. 3. A higher percent-
age of finer grained sediments (smaller than 212 µm) were 
found closer to the LoD at the mine, possibly a result of 
AMD, the associated iron hydroxide precipitates, and sedi-
mentation of weathered/eroded underground rocks. Larger 
particles (greater than 500 µm) were more prevalent further 
downstream.
A correlation was observed between particle size distribu-
tion and percentage moisture content (Table 3; Fig. 4), i.e., 
increased moisture content existed with a higher percentage of 
finer-grained particles. The total organic carbon (the amount of 
oxidisable organic material in sediments) represents the non-
ionic organic chemical bioavailability (USEPA, 2001). Organic 
carbon was present in sediment samples from all seven sites 
(Table 3). Metal bioavailability may be affected by TOC in sedi-
ment (USEPA, 2001) as metals in sediments form soluble and 
insoluble organic complexes (Fig. 4) (Burton, 1992).
Concentrations of Al, As, Ca, Cr, Fe, Ni, S and U in the 
sediment samples are presented in Table 3. These elements have 
a high probability of being associated with AMD and may be 
ecologically relevant. Various other elements were also present 
in the TRB system, but are not presented. 
In South Africa, aluminium occurs naturally at high 
concentrations and, although below the Upper Crust Average 
(UC) of 77 440 mg/kg (Wedepohl, 1995), was present at a high 
concentration of 45 200 mg/kg at Site 1 with an almost linear 
decrease to 7 400 mg/kg at Site 5 (Table 3). The reference site 
(Site 7), however, presented an aluminium concentration of 
23 000 mg/kg, which was much higher than the concentrations 
recorded at the other sites. This is still below the UC, and may 
be attributed to the surrounding geology and activities relative 
to the catchment.
Arsenic in the system may have originated as a waste 
product of gold-mining activities whereby gold was extracted 
from arsenical pyrite (Durand, 2015; Blowes et al., 2014). 
Arsenic present as Sites 1–3 possibly originates from AMD 
and increased from 21 mg/kg at Site 1 to 40 mg/kg at Site 3, 
suggesting that the contamination could have dispersed down-
stream due to heavy rainfall in the study area (ANZECC and 
ARMCANZ, 2000; Lusilao-Makiese, et al., 2013). The presence 
of arsenic at Site 5 could be attributed to discharge from the 
TABle 1 
Hazard classification system. Adapted from Persoone et al. (2003)
Percentage effect (Pe) Class Hazard Symbol
≤ 20% Class I No acute hazard J
20% ≤ PE ≤ 50% Class II Slight acute hazard L
50% ≤ PE ≤ 100% Class III Acute hazard
PE 100% in at least one test Class IV High acute hazard  
PE 100% in all tests Class V Very high acute hazard
TABle 2 
Sediment quality guideline limits. Adapted from CCMe 
(2002) and ANZeCC and ARMCANZ (2000)
element
Sediment quality guidelines (mg/kg)
Tel Pel Sel UC
Aluminium (Al) – – – 77 440
Arsenic (As) 5.9 17 33 2.0
Calcium (Ca) – – – 29 450
Chromium (Cr) 37.3 90 110 35
Iron (Fe) – – – 30 890
Nickel (Ni) 18 36 75 18.6
Sulphur (S) – – – 953
Uranium (U) – – – 2.5
– No guideline limit
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Figure 3
Particle size distribution of sediment sampled from the seven sites along the acid mine drainage impacted TRB river system
Figure 4
PCA ordination diagram of bioassay responses and physico-chemical variables of sediment from Sites 1 to 7 along the TRB river
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waste-water treatment works (WWTW) entering the TRB sys-
tem upstream of Site 5, as wastewaters tend to contain arsenic 
(Sullivan, 2010). At Sites 1, 2 and 5 arsenic concentrations were 
above the PEL (CCME, 2002), whilst at Site 3 these were above 
the SEL (ANZECC and ARMCANZ, 2000). Arsenic levels were 
below the detection limit in the sediment at the reference site.
A decrease in calcium concentrations was observed from Site 
1 (36 600 mg/kg) to Site 5 (1 000 mg/kg). Sediment from Site 1 
and 2 contained calcium above the UC. These high levels may 
be attributed to the dissolution of dolomite by AMD (Durand, 
2012), as well as the treatment of AMD with limestone (Riefler 
et al., 2008). In comparison to the first 4 sites, the reference site 
presented a much lower calcium concentration.
Chromium levels exceeded the TEL at Sites 3 and 4, the 
PEL at Site 1, and the SEL at Sites 5, 6 and 7 (Table 3). Higher 
concentrations were found downstream, with a spike at Site 
6. A possible explanation for this could be due to chromium 
contamination along the Honingklipspruit (as seen with Site 7), 
conveying chromium into the TRB system upstream of Site 6. 
However, chromium may have not been in a bioavailable form. 
The UC level for iron was exceeded at all sites, except 
Site 5 (Table 3). Iron is a major element of the earth’s crust and 
therefore may occur naturally at high concentrations in sedi-
ments (DWAF, 1996). Despite this, elevated levels may become 
prevalent as a result of AMD (Durand, 2012). A decrease in 
iron concentrations was observed from Site 2 (355 000 mg/kg) 
through to Site 5 (22 800 mg/kg). Iron is an essential micronu-
trient for organisms, but toxic effects may arise depending on 
the state of iron, i.e., ferric or ferrous state (DWAF, 1996). The 
iron concentration at the reference site was much lower com-
pared to the first 4 sites, and comparable to the levels observed 
at sites further downstream from the mine. 
The PEL for nickel was exceeded at Sites 1 and 5, and the 
SEL at Sites 3, 4, 6 and 7 (Table 3). Nickel may originate from the 
weathering of minerals and rocks (ANZECC and ARMCANZ, 
2000) and anthropogenically through AMD from mining 
(Durand, 2012). Nickel is an essential trace element but high lev-
els may prove fatal to organisms. Nickel toxicity increases with a 
decrease in pH (ANZECC and ARMCANZ, 2000).
Sulphur was present in sediment sampled at all sites, and 
elevated levels were observed at Sites 1 to 4. A linear decrease in 
sulphur suggested AMD as the origin as sulphates are released 
from pyrite (Durand, 2012). Sulphur plays an important role in 
binding metals and organics, therefore it may be quite influen-
tial to the expressed toxicity (ANZECC and ARMCANZ, 2000). 
Sulphur in the sediment could also be related to the sulphates 
and contaminant-sorbed sulphates that have been deposited. 
The sulphur concentration at the reference site was significantly 
lower when compared to sites closer to the mine.
Uranium is a radioactive element present in AMD which 
produces toxic effects to aquatic biota and humans (ANZECC 
and ARMCANZ, 2000; Durand, 2012). Uranium was present at 
Sites 2, 3 and 4 (Table 3). A linear decrease was observed from 
34 mg/kg at Site 2, to 14 mg/kg at Site 4, indicating AMD from 
the gold mine as the potential source. Uranium concentrations 
were below the detection limit at Sites 5, 6 and 7 (reference site). 
The Phytotoxkit displayed some sensitivity to sediments con-
taminated with AMD (Fig. 4; 5). Phytotoxicity was estimated 
as a function of seed germination (lethal endpoint) (Fig. 5) 
and root length inhibition (sub-lethal endpoint) (Fig. 6). The 
Phytotoxkit bioassay met the test validity criteria for germina-
tion and root growth. Sediment from Sites 2 and 3 were most 
toxic to seed germination, whilst sediment sampled further 
downstream of the LoD (Site 6) presented lower toxicity 
responses. Site 1, although closest to the LoD, only presented a 
slight inhibitory effect on L. sativum germination. No signifi-
cant inhibition of seed germination occurred at Sites 4 to 6 and 
the reference site (Site 7). The overall trend of expressed lethal 
toxicity indicated elevated toxicity at the sites closer to the mine 
LoD, and decreasing downstream.
A similar observation could be seen when analysing data 
generated from root length inhibition responses (Fig. 6). The 
highest inhibitory effect was observed at Sites 2 and 3 for all 
three plant species. Root length inhibition at these sites ranged 
between 93% and 100%. Root length stimulation occurred 
with S. alba and L. sativum at Site 1, whilst 32% inhibition was 
observed for S. saccharatum. Site 6 presented the lowest phyto-
toxicity with root length stimulation occurring for L. sativum 
and S. alba, and a slight inhibition for S. saccharatum (Fig. 6). 
Although phytotoxicity of sediment was low at Site 1, the two 
subsequent sites presented extremely high toxicities followed 
by a general linear decrease in root length inhibition from Site 
4 to 6, inferring sub-lethal toxicity caused by AMD. Significant 
root length inhibition also occurred at the reference site, as 
root length inhibition for L. sativum and S. alba exceeded 30%, 
suggesting the presence of bioavailable contaminants.
Expressed toxicity by plants can be attributed to sediment 
organic matter (Oleszczuk, 2008; Bakopoulou et al., 2011) and 
metals such as manganese, copper, zinc, iron and chromium 
(Bakopoulou et al., 2011). High organic matter content in sedi-
ments may increase the absorption potential of metals, thereby 
increasing the potential bioavailability (Czerniawska-Kusza 
and Kusza, 2011). Organic material binds metals forming solu-
ble and insoluble complexes and depending on the interactions 
that occur, metals may or may not be bioavailable (Burton, 
1992). Plant growth may be stimulated by nitrogen and phos-
phorus while inhibited by ammonia (Baran and Tarnawski, 
2013). Phyto-stimulation occurs in the presence of nutrient-rich 
sediments and may result in the elimination of the inhibitory 
effects of heavy metals on plant growth (Czerniawska-Kusza 
and Kusza, 2011).
Sub-lethal and lethal phytotoxicity was higher at sites 
closer to the mine, whilst phyto-stimulation occurred with 
sediments sampled further downstream of the mine. In addi-
tion, the responses corresponded to the particle grain size, 
i.e., higher toxicities occurred where small grain sizes (smaller 
than 212 µm) were prevalent (Fig. 4). Therefore, the toxicity 
expressed with the Phytotoxkit to the sediment samples may 
be related to contaminants in the sediment and the high per-
centage of small sediment particles, which supported the find-
ings of Czerniawska-Kusza et al. (2006). Phytotoxicity effects 
expressed in relation to metal contaminants are complex and 
depend on the remobilisation mechanisms that control metal 
bioavailability for root uptake (Czerniawska-Kusza et al., 
2006). Baran and Tarnawski (2013) also found a positive cor-
relation between metal concentrations and toxicity for L. sati-
vum and S. alba. 
Phytotoxicity at Site 1 was lower than at Sites 2 and 3. This 
may be due to treatment operations that commenced prior 
to the time of sampling and/or the presence of potassium in 
the sediment. Potassium concentrations from Site 1 – 7 were 
1 320, 460, 1 260, 1 800, 460, 2 000 and 1 000 mg/kg, respec-
tively. Potassium is fundamental in metabolic reactions and 
plant growth (Czerniawska-Kusza and Kusza, 2011). Therefore, 
phyto-stimulation may have occurred at some of the sites 
(such as Site 6) as a result of high potassium concentrations 
coupled with other nutrients such as phosphorus and nitrogen 
(Czerniawska-Kusza and Kusza, 2011; Baran and Tarnawski, 
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2013). Sediments closer to the mine LoD were therefore toxic 
to primary producers in the ecosystem. In previous studies by 
Durand (2012) and Bell et al. (2001), severe impacts to vegeta-
tion had occurred in AMD-contaminated systems. 
The Ostracodtoxkit F met the validity criteria as the mean 
percentage mortality in the controls did not exceed 20% and 
the mean length of the ostracods in these controls increased by 
a factor of 1.5. The trend in sub-lethal (growth inhibition) and 
lethal (mortality) toxicity was comparable to the Phytotoxkit 
responses; higher expressed toxicities closer to the mine and 
decreasing linearly towards the downstream sites. The highest 
toxicity effect was observed at Sites 2 and 3, with 100% mortal-
ity at both sites followed by a linear decrease in mortality and 
growth inhibition towards Site 6 (Fig. 7). At Sites 5, 6 and 7 
growth stimulation occurred, suggesting that the sediments 
from these sites were favourable for the survival and growth 
of the ostracods. Although some metals were elevated at Site 1, 
and higher than the concentrations observed at Sites 2 and 3, 
the lack of effect could be due to metal bioavailability (Havel 
and Talbott, 1995). 
Toxicity expressed by the Ostracodtoxkit F bioassay also 
corresponded to the particle size distribution since higher 
toxicities were observed at the sites with a higher percentage 
of small grain sizes (less than 212 µm). This suggested that 
sediment-bound contaminants could be the main cause of 
toxicity. Sites 2 and 3 presented high TOC and metal concen-
trations (Table 3). Therefore, toxicity may have been caused by 
organic material-bound metals that are bioavailable. According 
to Oleszczuk (2008), H. incongruens displayed high sensitiv-
ity to metals and is comparable to Hyalella azteca and C. 
riparius (MicroBioTests Inc., 2001). Although the reference 
TABle 3 
Physico-chemical analyses of sediments sampled along the acid mine drainage impacted TRB river system. Total organic  
carbon (TOC) (%), moisture content (%), and concentration of each element (mg/kg).
Parameter
Decreasing proximity from mine’s loD Reference site
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7
TOC (%) 5.72 14.31 11.57 10.34 1.14 17.06 8.45
Moisture content (%) 33.2 61.7 52.7 48.9 18.4 23.2 43.5
Al 45 200 4 600 14 600 17 800 7 400 23 200 23 000
As 21 24 40 < 2.00 30 < 2.00 < 2.00
Ca 36 600 35 000 11 800 9 800 1 000 3 000 5 000
Cr 96 20 73 80 119 333 319
Fe 39 000 355 000 271 600 209 200 22 800 54 800 30 800
Ni 65 6.00 92 82 44 126 108
S 28 200 46 000 24 800 7 600 150 72 373
U < 2.00 34 30 14 < 2.00 < 2.00 < 2.00
Figure 5
Percentage seed germination observed with the Phytotoxkit exposure 
to sediment from Sites 1 to 7 along the TRB river system study area. (LES 
– Lepidium sativum; SIA – Sinapis alba; SOS – Sorghum saccharatum)
Figure 6
Percentage root length inhibition observed with Phytotoxkit exposure 
to sediment from Sites 1 to 7 along the TRB river system study area. (LES 
– Lepidium sativum; SIA – Sinapis alba; SOS – Sorghum saccharatum)
Figure 7
Percentage mortality and growth inhibition observed with 
Ostracodtoxkit F bioassay (Heterocypris incongruens) exposure to 
sediment from Sites 1 to 7 along the TRB river system study area.
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site presented 10% mortality, growth stimulation of 11.98% 
occurred. The expressed toxicities showed a positive correlation 
to sediment contamination (Fig. 4). 
The Diptera bioassay met the test validation criteria and 
presented a decrease in lethal toxicity from sites closest to 
the mine to downstream sites (Fig. 8). Percentage mortal-
ity increased from 75% at Site 1 to 100% at Site 2 followed 
by a linear decrease to 25% at Site 6. Mortality within the 
Tweelopiespruit (Sites 1–4) ranged between 50 and100%. 
Although C. caffrarius was not as sensitive to the contamina-
tion at Site 3, compared to the Phytotoxkit and Ostracodtoxkit, 
it displayed a higher response to sediment contamination at 
Site 1 (Fig. 8). C. caffrarius may therefore be more sensitive to 
AMD-related contaminants than the other two bioassays. This 
may be due to feeding habits of this test organism: larval stages 
of Chironomidae are substrate particle feeders, ingesting 
food particles (e.g. total organic carbon from organic debris) 
together with sediment (Adendorff, 1997). The sediment-
bound contaminants may then accumulate in the organ-
ism, resulting in mortality responses. Low mortalities were 
observed at the reference site (Fig. 8), indicating lower toxicity.
The general trend of toxicity for the Diptera bioassay was 
similar to the first two bioassays, presenting a linear decrease 
in lethal toxicity from sites closer to the mine LoD towards 
downstream sites. Chironomus species have shown sensi-
tivities to metal-contaminated sediments (USEPA, 2000) 
therefore the mortalities of C. caffrarius may be attributed to 
metals in the sediment along with other contaminants that 
have not been identified. Adendorff (1997) further found that 
Chironomus species accumulated higher metal concentrations, 
in comparison to organisms belonging to Hydropsychidae, 
Ephemeroptera, Trichoptera, Plecoptera, Gerridae and 
Gyrinidae, due to the ingestion of sediment. In a study by 
Antunes et al. (2007), higher toxicity was observed when 
using mine effluent as the overlying water in a sediment bioas-
say instead of synthetic hard water. The former may alter the 
physico-chemical properties and systematically affect the bio-
availability of sediment-bound contaminants.
An additional observation to the Diptera bioassay (not 
graphically presented) was the occurrence of growth inhibi-
tion at Sites 1, 3 and 4, where test organisms were smaller than 
those exposed to the downstream sites along the TRB river and 
control. Growth of test organisms may be affected by feeding 
(Pery et al., 2005) and/or responses to bioavailable contami-
nants (Ingersoll et al., 2001). The former was not the case as 
growth inhibition was only observed with sediment closer to 
the mine (Sites 1, 3 and 4, and 100% mortality at Site 2). Hence, 
sub-lethal toxicity observed with the Diptera bioassay could be 
linked to AMD-related sediment contamination, whereby size 
and growth of benthic invertebrates may be inhibited.
The hazard classification system designed by Persoone et 
al. (2003) summarised the responses of the three bioassays 
and classified the seven sites based on the highest expressed 
toxicity (Table 4). The hazard classification suggested that sites 
along the TRB river closer to the mine were more hazardous 
to flora and fauna, which was also confirmed by the physico-
chemical analyses. Therefore, toxicity may be attributed to 
AMD. Toxicity at Site 1 may be lower than Site 2 as a result of 
improved conditions from effective remediation. At the time of 
the study, Sites 2 and 3 were the most affected sites with a linear 
decrease in toxicity towards sites furthest away from the mine 
(Table 4).
Multivariate statistical analysis using the PCA method 
was used to produce the ordination diagram in Fig. 4. Axis 1 
explains 90.07% of the variation whilst Axis 2 explains 8.49%. 
Cumulatively, the plot explains 98.56% of the variation within 
the data. A correlation existed between lethal and sublethal 
bioassay responses and higher contaminant concentrations 
such as Fe, U, S, and As closer to the mine (Sites 2 and 3). 
The proportions of smaller grained sediments (< 212 µm) 
correlated with higher moisture content, TOC and contami-
nant concentrations. Seed germination showed a negative 
correlation to the same contaminants, indicating that As, Fe, 
S and U are possible drivers for the expressed toxicity. The 
grouping of Sites 1, 4, 5 and 7 indicates a negative correlation 
to the toxicity drivers as the contaminant concentrations were 
lower at these sites. A negative correlation existed between Site 
6, sediment contaminants, drivers and bioassay responses. 
This was expected as Site 6 is spatially furthest from the mine 
LoD. The grouping of Al, Ni and Cr correlated with larger 
particle sizes, but may not be related to the seed germina-
tion responses due to reduced bioavailability as these metals 
showed a negative correlation to the toxicity drivers, lethal and 
sublethal bioassay responses. 
Figure 8
Percentage mortality after 10-day Chironomus caffrarius (Diptera 
bioassay) exposure to sediment from Sites 1 to 7 along the TRB river 
system study area
TABle 4 
Hazard classification of 7 sites along the acid mine drainage 
impacted TRB river system, based on responses acquired 
from the Phytotoxkit, Ostracodtoxkit F and Diptera bioassay




1 Class III – acute hazard (30.0%)
2 Class IV – high acute hazard (73.3%)
3 Class IV – high acute hazard (66.7%)
4 Class III – acute hazard (50%)
5 Class II – slight acute hazard L (80%)
6 Class II – slight acute hazard L (60%)
7 Class I – no acute hazard J (60%)
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CONCLUSIONS
Sediment contamination is a global concern since contami-
nants may accumulate to, and reach toxic levels in, the sedi-
ment. Factors affecting the interactions between contaminants 
and sediment may systematically release the pollutants, result-
ing in detrimental impacts to the various compartments of the 
environment, including human health. This may arise from 
pollution of the water resource as a result of contaminant con-
centrations exceeding the water quality guidelines. Ecological 
risks associated with mining waste, such as AMD, may be rated 
second only to global warming (Manders et al., 2009). The find-
ings of this study confirmed observations of previous studies 
which alluded to detrimental impacts along the TRB river sys-
tem caused by AMD emanating from the abandoned Harmony 
Gold Mine since August 2002.
The Phytotoxkit, Ostracodtoxkit F and Diptera bioassay 
all displayed high sensitivity to sediment contamination as a 
result of AMD. A reduction in some contaminants (As, Ca, 
Fe and U) and small sediment particles (< 212 µm) resulted 
in a decrease in sensitivity of the bioassays to sediment at the 
downstream sites, further away from the mine, where lower 
mortalities and even growth stimulation occurred. C. caffra-
rius was most sensitive to AMD-related contaminants in the 
sediment. The sensitivities of the bioassays can be arranged as 
follows: Ostracodtoxkit F < Phytotoxkit < Diptera bioassay. The 
Phytotoxkit and Ostracodtoxkit F also showed high sensitivity 
to sediment contaminated by AMD; therefore no trophic-level 
specificity was present. The sensitivity of the individual experi-
mental species can be concluded as follows: S. alba < L. sativum 
< H. incongruens < S. saccharatum < C. caffrarius. Higher lethal 
and sub-lethal toxicity was expressed to sediments collected 
closer to the mine. This indicated that sediment toxicity in the 
TRB river may have originated from AMD decanting into the 
system.
The hazard classification system revealed that sediment 
sampled from Sites 1 to 4 (closer to the mine) presented an 
acute to high acute hazard to the aquatic environment, whilst 
Site 6 (furthest downstream) presented a slight acute hazard. 
Sediment at the reference site (Site 7) presented no acute haz-
ard to the aquatic environment. From the bioassay results it 
was evident that sediment in the TRB river system closer to 
the mine will not support plant growth and may prevent the 
existence of aquatic invertebrates. This in turn may negatively 
impact the entire ecosystem.
The PCA ordination diagram presented a positive correla-
tion between lethal (and sublethal) responses, smaller particle 
size, and high contaminant concentrations, TOC and moisture 
content. 
Sediment along the TRB river system (especially closer to 
the mine) was therefore contaminated by AMD to harmful lev-
els which were above that of the reference site (healthy, no acute 
hazard), which has resulted in a decrease in the aquatic health 
of this river system.
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